Phenotypes observed in a large cohort of patients with cone and cone-rod dystrophies (COD/CORDs) are described based on multimodal retinal imaging features in order to help in analyzing massive next-generation sequencing data. Structural abnormalities of 58 subjects with molecular diagnosis of COD/CORDs were analyzed through specific retinal imaging including spectral-domain optical coherence tomography (SD-OCT) and fundus autofluorescence (BAF/IRAF). Findings were analyzed with the underlying genetic defects. A ring of increased autofluorescence was mainly observed in patients with CRX and GUCY2D mutations (33% and 22% of cases respectively). "Speckled" autofluorescence was observed with mutations in three different genes (ABCA4 64%; C2Orf71 and PRPH2, 18% each). Peripapillary sparing was only found in association with mutations in ABCA4, although only present in 40% of such genotypes. Regarding SD-OCT, specific outer retinal abnormalities were more commonly observed in particular genotypes: focal retrofoveal interruption and GUCY2D mutations (50%), foveal sparing and CRX mutations (50%), and outer retinal atrophy associated with hyperreflective dots and ABCA4 mutations (69%). This study outlines the phenotypic heterogeneity of COD/CORDs hampering statistical correlations. A larger study correlating retinal imaging with genetic results is necessary to identify specific clinical features that may help in selecting pathogenic variants generated by high-throughput sequencing.
. Clinical characteristics of the cohort (N = 58 patients). Sporadic, ar, and ad (43%, 38%, and 19%, respectively) cases were included in the study. As previously reported [12] , applying a targeted NGS approach, pathogenic or likely pathogenic mutations were identified in 23 genes (12 known COD/CORDs-associated genes and 11 other retinal disease associated genes) ( Table 2 , detailed genetic results and co-segregation analysis are available in a previous article [12] ). Mutations in ABCA4 (ATP-binding cassette, sub-family A, member 4) and GUCY2D (guanylate cyclase 2D) were reported in 36% and 30% of the individuals showing ar and ad modes of inheritance, respectively, making them the major defective genes in our cohort. 
Retinophotography
The fundus revealed abnormalities either limited to the macular area (64.5%) or extended to the peripheral retina (37.5%). Four distinct fundus patterns were identified: macular RPE alterations (21%), "bull's eye maculopathy" with perifoveal atrophy sparing the fovea (9%), macular atrophy (34%), and extensive retinal atrophy (36%). (Figure 1) Ophthalmology, University College London, United Kingdom.
The fundus revealed abnormalities either limited to the macular area (64.5%) or extended to the peripheral retina (37.5%). Four distinct fundus patterns were identified: macular RPE alterations (21%), "bull's eye maculopathy" with perifoveal atrophy sparing the fovea (9%), macular atrophy (34%), and extensive retinal atrophy (36%). (Figure 1 Table 3 shows abnormalities observed in SD-OCT, illustrated by Figure 2 . ELM, EZ, and IZ were disrupted in the foveal/perifoveal region in 80%, 94%, and 100% of cases, respectively. Foveal sparing of the outer retinal layers was observed in 6 patients (12%), whereas hyporeflective foveal cavitation was observed in 3 patients (6%). Hyper-reflective deposits above the RPE were observed in 28% of cases. Macular outer nuclear layer atrophy was present in 73% of patients. Among these, 41% revealed extensive atrophy beyond the vascular arcades.
SD-OCT
In 2 cases, SD-OCT revealed hyporeflective macular cysts in the outer and inner nuclear layers, without macular edema. Table 4 shows abnormal patterns observed in BAF and IRAF, illustrated in Figure 3 . BAF revealed abnormalities either limited to the macular area (31%) or extended to the peripheral retina (68%), and 6 distinct patterns were identified: discrete foveal abnormalities; macular hypo-autofluorescent (hypoAF) area surrounded, or not, by a ring of hyper-autofluorescence (hyperAF) or macular hypoAF spots sparing the peripheral retina; macular hypoAF area associated with hypoAF spots or "speckled" pattern in the peripheral retina; and extensive and confluent hypoAF patches associated, or not, with a "speckled" pattern.
FAF
A macular hyperAF ring was observed in 23% of patients, which included the optic nerve in 7% of cases. Among the 38 patients with extensive BAF abnormalities, 16% (6/38) revealed a peripapillary sparing. BAF revealed abnormalities either limited to the macular area (31%) or extended to the peripheral retina (68%), and 6 distinct patterns were identified: discrete foveal abnormalities; macular hypo-autofluorescent (hypoAF) area surrounded, or not, by a ring of hyper-autofluorescence (hyperAF) or macular hypoAF spots sparing the peripheral retina; macular hypoAF area associated with hypoAF spots or "speckled" pattern in the peripheral retina; and extensive and confluent hypoAF patches associated, or not, with a "speckled" pattern.
A macular hyperAF ring was observed in 23% of patients, which included the optic nerve in 7% of cases. Among the 38 patients with extensive BAF abnormalities, 16% (6/38) revealed a peripapillary sparing. IRAF revealed abnormalities either limited to the macular area (44%) or extended to the peripheral retina (56%), and 5 distinct patterns were identified: discrete foveal abnormalities, macular hypoAF area or macular hypoAF spots sparing the peripheral retina, macular hypoAF area associated with hypoAF spots in the peripheral retina, and extensive macular and peripheral hypoAF.
Among the 29 patients with extensive IRAF abnormalities, 6 (21%) revealed a peripapillary sparing, which was also observed in BAF. The macular hyperAF ring was detected on both BAF and IRAF (excepted for 1 patient whose IRAF imaging was not performed).
Unlike BAF imaging, the "speckled" pattern was not observed with IRAF in this cohort, and this pattern in BAF corresponded to confluent hypoAF areas in IRAF. On SD-OCT, focal retrofoveal interruption of the outer retinal layers was more commonly observed in patients with GUCY2D mutations (50%), whereas foveal sparing of the outer retinal layers was mainly associated with CRX mutations (50%). Among patients with hyper-reflective deposits above the RPE, 69% had ABCA4.
Genotype Analysis with Respect to Structural Abnormalities
Regarding FAF, a ring of increased AF was mainly observed in patients with CRX and GUCY2D mutations (33% and 22% of cases, respectively). The "speckled" AF was present in patients with mutations in 3 different genes (ABCA4 64%; C2Orf71 and PRPH2, 18% each). In addition, a peripapillary sparing was only found in patients with ABCA4 mutations. (Figure 5 ). 
Discussion
We investigated a large series of CODs and CORDs patients, and we carefully evaluated their clinical characteristics using retinal imaging, which were further related to the genetic diagnosis.
Retinophotography
Fundus abnormalities ranged from discrete macular RPE alterations to extensive chorioretinal atrophy. (Figure 1 ) "Bull's eye" maculopathy, defined by perifoveal atrophy sparing the fovea, was observed only in 9% of cases, whereas macular atrophy was present in 34% of cases. These observations are similar to those reported by Thiadens et al. in a longitudinal study of 239 patients [2] . After 10 years of follow-up, 35% of CODs and 58% of CORDs showed macular atrophy, including "bull's eye" maculopathy.
In this cohort, fundus alterations limited to the macula were mainly observed in patients with ABCA4, GUCY2D, PROM1, CRX, SEMA4A, and PDE6C mutations. But these same mutated genes (except for GUCY2D) were also implicated in more severe clinical presentations with extensive retinal atrophy. These results outline the phenotypic variability associated with mutations in the same gene or even a same mutation. In a study including five families with autosomal dominant COD/CORDS cases carrying the same heterozygous p. (R373C) PROM1 exchange, phenotypes ranged from isolated macular dysfunction with "bull's eye" maculopathy to severe generalized cone-rod or rod-cone dysfunction, in patients from the same family [13] . In another study including 18 patients from 11 families, multimodal retinal imaging combined with electrophysiology identified 4 Leber congenital amaurosis (LCA), 2 retinitis pigmentosa (RP), 6 COD/CORDs, and 6 "atypical maculopathy" patients carrying the same heterozygous CRX mutation [14] .
In the present study, unlike mutations in ABCA4, PROM1, or CRX, GUCY2D mutations were always associated with fundus alterations solely restricted to the macula (i.e., subtle changes or round atrophic lesion). No report of diffuse fundus alterations associated with GUCY2D mutations was found in the literature [15] . Thus, in this cohort, a GUCY2D mutation could be suspected in the case 
Discussion
Retinophotography
In the present study, unlike mutations in ABCA4, PROM1, or CRX, GUCY2D mutations were always associated with fundus alterations solely restricted to the macula (i.e., subtle changes or round atrophic lesion). No report of diffuse fundus alterations associated with GUCY2D mutations was found in the literature [15] . Thus, in this cohort, a GUCY2D mutation could be suspected in the case of restricted alterations to the macula on fundoscopy, but it is unlikely in case of peripheral damage.
SD-OCT
Outer hyper-reflective band abnormalities were more frequent in the foveal/perifoveal regions, where cone density is the highest. At a more advanced stage, the outer nuclear layer was atrophic with underlying choroidal hyper-reflectivity by window defect, limited to the macular area or extended to the peripheral retina. (Figure 2) 
Outer Hyperreflective Bands
In a recent study, outer retinas of 12 CORDs patients with macular atrophy on fundoscopy were analyzed using SD-OCT [16] . Foveal IZ, EZ, and ELM were disrupted in 100%, 92%, and 83% of cases, respectively, whereas the RPE layer was always preserved. Outside the foveal region, IZ was absent in 100% of cases, whereas EZ was still present with decreased intensity. Our study also found a disruption of the outer hyperreflective bands, more frequently observed in the foveal and perifoveal regions, and was predominant on the IZ followed by EZ and ELM.
According to Lima et al., the lack of visibility of the IZ on SD-OCT could be linked to the loss or the shortening of the cone outer segments, reducing the possibility of proper interdigitation with the apical processes of the RPE cells [16] . Similarly, in COD animal models, there is a loss of the inner and outer cone segments, or there are alterations in the anatomic configuration of the apical processes [17, 18] . This hypothesis is uncertain because there is a lack of correlative human histology. According to Inui et al., the loss of the IZ at the foveal region would be an early sign of cone-dominant photoreceptor impairment [19] . However, this feature is not specific to cone dystrophy, as it can be observed in patients with achromatopsia, high myopia, and age-related macular degeneration [20, 21] .
In this cohort, 50% of patients (N = 6) with selective retrofoveal abnormalities (Figure 2a ) revealed GUCY2D mutations, whereas 50% of patients (N = 6) with foveal sparing (Figure 2g ) carried CRX mutations.
Hyporeflective Foveal Cavitation
In three patients, a hyporeflective cavitation was observed in the foveal outer retina. (Figure 2b ) This feature was previously described in COD/CORDs, congenital achromatopsia, and blue cone monochromacy [22] . It would be explained by the lack of cone outer segments with intact ELM [19, 23] . According to Leng et al., foveal cavitation is a characteristic feature of cone dysfunction syndromes, without being specific to one disorder [24] . This feature seems to be associated with different genetic defects. In this cohort, it was observed in patients with GUCY2D, EYS, and SEMA4A mutations, whereas in the literature, it is described in patients with defects in GUCY2D, GUCA1A, and ABCA4 [15, 24] .
Hyper-reflective Deposits above the RPE
In 28% of patients, small hyperreflective dots or deposits were observed above the RPE, predominantly in the foveal and perifoveal regions. (Figure 2e ) These deposits could represent lipofuscin or accumulated debris from photoreceptor outer segments that have not been properly phagocytosed by impaired RPE cells and/or microglial cells. This hypothesis lacks correlative human histology. In almost 70% of cases, this pattern was observed in patients with ABCA4 mutations. This could be explained by the role of the resultant protein as an active transporter, therefore leading to retinoid accumulation above and inside RPE cells when mutated [25] .
Hyporeflective Macular Cysts
Two patients with CRX and CRB1 mutations showed macular hyporeflective cysts on SD-OCT, at the level of the outer and inner nuclear layers. (Figure 2f ) These cysts were not associated with macular edema and seemed to be degenerative within the atrophic retina. While hyporeflective cysts are commonly observed in RP, their association with COD/CORDs has not been reported so far [16, 26] .
Autofluorescence

BAF
According to Wang et al., BAF imaging of COD/CORDs is highly heterogeneous and not specific to this pathology [27] . In this study, 6% of patients revealed an increase in foveal AF (loss of physiological foveal hypoAF or foveal hyperAF), which could reflect cone-RPE dysfunction. However, most of the patients showed macular or diffuse hypoAF, related to irreversible degeneration of photoreceptor and RPE cells. A recent study correlated the surface of BAF abnormalities using ultrawide field imaging with functional data (visual acuity, ERG, visual field). The authors showed that the extent of abnormal BAF was directly correlated to the severity of functional impairment [28] .
In this cohort, patients with BAF abnormalities restricted to the macular region carried GUCY2D, CRX, PDE6C, and SEMA4A mutations. For some patients with ABCA4 and PROM1 mutations, abnormalities were more extensive in BAF than expected on fundoscopy. This observation outlines the fact that BAF imaging is more sensitive than retinophotography for the evaluation of structural impairment [28] . Gelman et al. recently showed that BAF features in Stargardt were able to discriminate Stargardt group 1 from group 2 as a functional correlate [29] .
HyperAF Ring
In almost 25% of patients, macular hypoAF was surrounded by a ring of hyperAF. (Figure 3b ) This feature is not specific to COD/CORDs, as it can be observed in other inherited retinal dystrophies, particularly in RP (59-94% of cases) [30, 31] . It is reported to reflect the transition between abnormal and normal retina. However, in contrast to RP, in COD/CORDs, the outer retina outside the ring is well-preserved, whereas it is atrophic within the ring. The hyperAF may suggest lipofuscin accumulation secondary to an increased rate of photoreceptor outer segment phagocytosis, with a direct toxicity on photoreceptor and RPE cells [32] . It could also be due to a window defect on RPE autofluorescence secondary to the lack of outer retinal layers. A correlation between SD-OCT and BAF would document the later hypothesis.
In the cohort, the hyperAF ring was observed in patients with CRX or GUCY2D mutations in 50% of cases, which is consistent with literature [14, 33] . Associations with GUCA1A mutations have also been reported, but in our cohort, the only patient with a mutation on this gene revealed an extensive retinal atrophy. This phenotype is much more severe than usually reported in the literature in the case of mutations in this gene [15] .
Thirty percent of patients, carrying mutations in SEMA4A, AIPLI, NMNAT1, or RDH12, displayed a hyperAF ring surrounding the optic nerve. This feature is also reported with X-linked retinal dystrophies in association with mutations in RPGR [3] . These patients were not included in the present study, as explained earlier [12] .
"Speckled" Pattern
A "speckled" or "mottled" pattern was observed in 20% of patients, either in the macular region or extending beyond the vascular arcades. (Figure 3e ,g) This feature with alternating hyperAF or hypoAF spots could correspond with co-existing window defects on RPE AF, lipofuscin deposits, and RPE atrophy [34] [35] [36] . This "speckled" feature is known to be associated with ABCA4 and PRPH2 mutations [3, 34] . In this study, it was also observed in patients with mutations of three different genes: ABCA4 (64%), PRPH2 (18%), and also C2Orf71 (18%). However, detailed semiologic observation revealed different features for each gene. ( Figure 6 ) Patients with PRPH2 mutations led to larger, coarser, and less numerous hyperAF spots, with a reticular pattern, surrounding macula and the optic nerve (Figure 6a ). For patients with ABCA4 mutations, hypoAF and hyperAF spots were much more numerous and widespread, sparing classically the peripapillary region (Figure 6b ). Finally, spots observed in patients with C2Orf71 mutations were smaller, leading to a granular pattern, extending beyond the vascular arcades without peripapillary sparing (Figure 6c ). Such associations need to be confirmed by statistical analysis in a larger-scale study. pattern, extending beyond the vascular arcades without peripapillary sparing (Figure 6c ). Such associations need to be confirmed by statistical analysis in a larger-scale study. 
Peripapillary Sparing
Sparing of the peripapillary AF was classically considered as pathognomonic and constant in ABCA4-related diseases, even at the late stages with extensive retinal atrophy [36] . Recent studies showed that, although being specific, peripapillary sparing is not constant [37] [38] [39] [40] . (Figure 3g,h) A retrospective study including 32 patients with Stargardt groups 1, 2, and 3, according to the functional classification, showed the absence of peripapillary sparing in 6.7%, 100%, and 90% of cases, respectively [37] . These results were probably overestimated because only one heterozygous ABCA4 variant was necessary for the inclusion in the study, suggesting that ABCA4 mutations may not have been the gene defect for some of the patients. In our study, peripapillary sparing was exclusively observed in patients carrying homozygous or compound heterozygous ABCA4 mutations. However, it was observed in only 40% of ABCA4-mutated patients with diffuse BAF abnormalities. Cideciyan et al. hypothesized that in the peripapillary region, turn-over of photoreceptor outer segments is reduced, with an optimized photoreceptor/RPE cells ratio explaining AF sparing. Of note, in MERTK- 
Sparing of the peripapillary AF was classically considered as pathognomonic and constant in ABCA4-related diseases, even at the late stages with extensive retinal atrophy [36] . Recent studies showed that, although being specific, peripapillary sparing is not constant [37] [38] [39] [40] . (Figure 3g,h) A retrospective study including 32 patients with Stargardt groups 1, 2, and 3, according to the functional classification, showed the absence of peripapillary sparing in 6.7%, 100%, and 90% of cases, respectively [37] . These results were probably overestimated because only one heterozygous ABCA4 variant was necessary for the inclusion in the study, suggesting that ABCA4 mutations may not have been the gene defect for some of the patients. In our study, peripapillary sparing was exclusively observed in patients carrying homozygous or compound heterozygous ABCA4 mutations. However, it was observed in only 40% of ABCA4-mutated patients with diffuse BAF abnormalities. Cideciyan et al. hypothesized that in the peripapillary region, turn-over of photoreceptor outer segments is reduced, with an optimized photoreceptor/RPE cells ratio explaining AF sparing. Of note, in MERTK-related diseases, characterized by outer segment phagocytic defects, there are widespread severe retinal abnormalities with no peripapillary sparing [41] . Another hypothesis would be the protective effect of the thickened retinal nerve fibers in this particular region towards oxidative stress and lipofuscin accumulation secondary to light exposure [36] .
IRAF
IRAF imaging documents the distribution of melanin and melanolipofusin granules within RPE cells, as well as melanin within choroidal melanocytes [42] . In our study, all patients showed hypoAF in IRAF, with various patterns, limited to the macular region (44%) or extended to the peripheral retina (56%). Reduced IRAF could be explained by several mechanisms: posterior displacement of melanin granules secondary to lipofuscin accumulation in RPE cells, alteration of the RPE cell phagocytic activity, or loss of RPE cells [42] .
No patient from the cohort revealed any increased IRAF or "speckled" aspect in IRAF. HyperAF spots in BAF appeared as hypoAF in IRAF in all patients (Figure 3e ). In a study including 16 patients with ABCA4-related retinal dystrophies, most of the patients (9/16) also revealed reduced IRAF, whereas for the other patients (4/16), a few small hyperAF dots in IRAF corresponding to hyperAF dots in BAF were observed [34] . Increased IRAF could be explained by apical displacement of melanin granules secondary to lipofuscin accumulation in RPE cells or melanin/melanolipofuscin accumulation secondary to increased RPE cell phagocytic activity [42] .
Peripapillary preservation of IRAF was present in all six patients with peripapillary preservation of BAF (Figure 3h ). Kellner et al. also found peripapillary sparing in 4/16 patients in both BAF and IRAF imaging [34] . These observations suggest a good correlation between BAF and IRAF imaging for the detection of peripapillary sparing.
Patients and Methods
Study Population
In a previous study [12] , targeted NGS using a panel of 123 genes implicated in inherited retinal diseases (IRDs) was applied to 95 genetically unrelated ad and ar cone and cone-rod dystrophy cases, based on functional abnormalities, leading to the identification of the underlying genetic defects in 62.1% (59/95) of cases. Among the resolved cases, 58 subjects were selected for structural abnormalities analysis.
Clinical Examination
Each patient underwent full ophthalmic examination, as described earlier [43] . Clinical assessment was completed by retinophotography (CR1, Canon, Tokyo, Japan), spectral-domain optical coherence tomography (SD-OCT), and short wavelength (i.e., blue BAF) and near-infrared (IRAF) fundus autofluorescence imaging (FAF) (Spectralis ® OCT and HRAII ® , Heidelberg Engineering, Dossenheim, Germany, respectively). Outer hyper-reflective bands were analyzed, including the external limiting membrane (ELM), the ellipsoid zone (EZ), the interdigitation zone (IZ), and the retinal pigment epithelium (RPE) [44, 45] . The inner retina was further analyzed.
The study protocol adhered to the tenets of the Declaration of Helsinki and was approved by the local ethics committee (CPP, Comité de Protection des Personnes Ile de France V).
Conclusions
This study outlines the high phenotypic and genetic heterogeneity of these rare diseases with a small sample size for each genotype. For this reason, we were not able to perform statistical association/correlation analysis. However, we attempted to draw schematic orientations only applicable to our cohort, based on retinal imaging abnormalities and genetic results. A larger study with a control group is necessary to extract statistically clinical patterns that may help in selecting pathogenic variants generated by high-throughput sequencing in our clinical practice. Second, we performed a cross-sectional study and did not correlate our findings to the disease stage. Longitudinal follow-up on a larger group of patients will help refine the identified correlations.
In conclusion, there is a need for the best genetic and phenotypic characterization of IRDs, applying, for instance, multimodal retinal imaging to identify specific phenotype-genotype correlations in order to improve diagnosis, management, genetic counseling, and patient information regarding the prognosis of IRDs. Furthermore, with the recent development of new therapeutic approaches, these results will also allow the clinician to guide therapeutic choices and establish clinical outcomes to monitor treatment efficacy. 
